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Abstract The non-isothermal experiments of limestone

decomposition at multi-heating rates in O2/N2 and O2/CO2

atmospheres were studied using thermogravimetry. The

limestone decomposition kinetic model function, kinetic

parameters of apparent activation energy (E), and pre-

exponential factor (A) were evaluated by Bagchi and Malek

method. The results shown that in 20 % O2/80 % N2 atmo-

sphere, the limestone decomposed slowly following the

contracting sphere volume model controlled by boundary

reaction (spherical symmetry) in two stages, and the

E increased by about 50 kJ mol-1 in the second decompo-

sition stage. But in 20 % O2/80 % CO2 atmosphere, the

presence of high-concentration CO2 significantly inhibited

the limestone decomposition, and made the decomposition

process occur at high temperature with a rapid rate; the

decomposition kinetics was divided into three stages, the first

stage was an accelerated decomposition process following

the Mampel Power law model with the exponential law

equation, the second stage followed the nth order chemical

reaction model as an a–t deceleration process, and the third

stage belonged to the random nucleation and nuclei growth

model with the Avrami–Erofeev equation. And with the

heating rate increasing, the reaction order n showed a slight

rise tendency. The E was about 1,245 kJ mol-1 in 20 % O2/

80 % CO2 atmosphere, but was only about 175 kJ mol-1 in

20 % O2/80 % N2 atmosphere. The E and A increased

markedly in the O2/CO2 atmosphere.
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Introduction

The limestone have been applied widely in numerous

industrial fields. It can act as raw material in cement

industry, fusing agent in metallurgical industry, additive

for composite material, SO2 and CO2 absorber in coal

combustion, and so on [1–4]. But with the rapid develop-

ment of oxy-fuel combustion technology for CO2 capture

and storage in industry, more limestone will decompose

under higher CO2 concentration atmosphere in industrial

application, which will cause a very marked change in

decomposition mechanism compared with that in air

atmosphere, as shown in previous work [4, 5].

Several researchers have already investigated the

decomposition mechanism of limestone in O2/CO2 atmo-

sphere, especially in decomposition kinetics [6–13]. Nev-

ertheless, many studies were carried out in lower CO2

concentration atmosphere, or mainly focused on the values

of kinetic parameters, and few studies paid attention to the

decomposition mechanism and its difference between O2/

N2 and O2/CO2 atmospheres. Moreover, the single model-

fitting method was often used to deduce the kinetic

parameters by the non-isothermal experiments in these

studies. But in this method, due to the kinetic parameters of

mechanism function f(a), E and A are interlinked, each

good linear regression of mechanism function f(a) corre-

sponds to one E and A; besides, there is no ordinary range

of the kinetic parameters of limestone decomposition in

O2/CO2 atmosphere for logical choice at present; so it is

difficult to clearly and unambiguously indicate a unique

and real decomposition mechanism only by the single
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model-fitting method. Meanwhile, these studies usually

only use one mechanism function to describe the whole

decomposition reaction, some possible series–parallel

decomposition mechanisms might be neglected in the

decomposition process, so it is not feasible for a wide range

of solid decomposition [14].

In an attempt to clarify the decomposition mechanism in

O2/CO2 atmosphere, the non-isothermal experiments were

carried out at multi-heating rates by thermogravimetry

(TG) in the present work, and the decomposition mecha-

nism was explored by Malek method, which has high-

resolving power for kinetic model function. Moreover,

some experiments in O2/N2 atmosphere as a background

also have been done, and its decomposition mechanism

was also analyzed by Bagchi method. So, the difference of

limestone decomposition mechanism in the two atmo-

spheres can be concluded by comparing them. The results

will have great significance for industrial application of

limestone in oxy-fuel atmosphere.

Experimental

Material

A sample of limestone was used in decomposition exper-

iments in this study. The limestone was crushed and sieved

to obtain the particle size range of less than 63 lm. The

chemical composition of the limestone sample is listed in

Table 1.

Equipment and procedure

The decomposition behavior of the limestone was studied

using a NETZSCH STA 409C TGA. The mass precision of

the TG is 5 lg. The temperature was measured by a ther-

mocouple immediately placed under crucible. The high-

pure gases of N2, O2, and CO2 were supplied by gas cyl-

inders, and the flow rates of the gases were controlled by

the mass flowmeters. For each experiment, the thin layer of

limestone sample was laid out on the bottom of the alu-

minum oxide crucible of the TG firstly, then the mixed gas

was introduced to purge the system, and final the temper-

ature was heated from room temperature to 1,273 K at the

different heating rates of 5, 10, and 20 K min-1 in the

desired atmosphere. The mass of the sample was kept at

10 mg, and the total flow rate of the mixed gas was fixed at

100 mL min-1.

Kinetic theory

The Malek method, proposed by Malek [15], was introduced

to deduce the most probable kinetic model function of

limestone decomposition under O2/CO2 atmosphere in this

study. In the method, a special function Z(a) is defined by

combining the differential and integral expressions of the

kinetic model function, which can easily be obtained by the

TG experimental data. As a completed thermodynamics

analysis, it consists of three different methods of the model-

free method, master plot method, and model-fitting method,

which mostly reduces the range of the possible kinetic model,

and besides, there are almost no assumption and approxi-

mation, so it is more effective and accurate for deducing the

kinetic model. Consequently, it was recommended by IC-

TAC Kinetics Committee [16] and was often used as a

diagnostic means for kinetic model determination [17–20].

The flow chart of the kinetic analysis is shown in Fig. 1.

The procedure of kinetic analysis can be described as

follows:

(1) Three model-free methods of Flynn–Wall–Ozawa

(FWO) [21], Kissinger–Akahira–Sunose (KAS) [22], and

Starink [23], which have no concern with the kinetic model

function, were used to calculate the E with a high precision,

their expressions are given as follows:

FWO equation:

log b ¼ lg½AE=RgðaÞ� � 2:315� 0:4567 E=RTP ð1Þ

KAS equation:

lnðT2
P=bÞ ¼ ln½EgðaÞ=AR� þ E=RTP ð2Þ

Starink equation:

lnðb=T1:8
P Þ ¼ �1:0037E=RTP þ C ð3Þ

where a is the fractional conversion according to the for-

mula a = (m0-mt)/(m0-m?), m0, m?, and mt are the

initial sample mass, final sample mass, and the mass of

sample at the time t, respectively; g(a) is the integral

expression of kinetic model function; b is the heating rate;

R is the gas universal constant; TP is the maximum

decomposition temperature; and C is a parameter that is

independent of TP and b.

Table 1 Chemical composition of limestone sample (XRF analysis)

Composition Mass fraction/%

Na2O 2.26

Al2O3 0.97

SiO2 ND

SO3 0.18

K2O ND

CaO 53.16

TiO2 ND

Fe2O3 0.10

Loss on ignition 42.94
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In each method, a should be most similar at the maxi-

mum decomposition temperature among the multi-heating

rates experiments. For the same a, the plots of logb versus

1/TP (Eq. 1), lnTP
2/b versus 1/TP (Eq. 2), and lnb/TP

1.8 versus

1/TP (Eq. 3) based on the TG data recorded at multi-heat-

ing rates should show better linear relationship, and then

the values of E can be determined from the slopes of the

plotted lines.

(2) Using the E, resulted from above calculation, the

experimental Z(a) can be calculated [15]. It is defined as

follows:

Z(aÞ ¼ pðuÞðda=dtÞT=b ð4Þ

where u = E/RT, p(u) is an approximation of temperature

integral, which can be accurately calculated by the

following equation.

pðuÞ ¼ðu3þ18u2þ86uþ96Þ=
ðu4þ20u3þ120u2þ240uþ120Þ ð5Þ

where T is the absolute reaction temperature.

Meanwhile, the standardized Z(a) can be obtained by the

function as follows:

Z(aÞ ¼ f ðaÞgðaÞ ð6Þ

where f(a) is the differential form of kinetic model function.

So, series standardized Z(a) can be calculated by the kinetic

model function expressions of f(a) and g(a). Several com-

mon kinetic models and their expressions are given in

Table 2 [24]. The standardized Z(a), which is best fitted to

the experimental Z(a) can be observed directly by plotting

the experimental Z(a)–a and the series standardized Z(a)–a
curves; and the f(a) and g(a) corresponded to the standard-

ized Z(a), are the most probable kinetic model functions.

(3) Finally, the most probable kinetic model function,

which was deduced in step (2), can be further verified using

model-fitting method, such as Coats–Redfern method [25].

The Coats–Redfern method can be deduced as:

ln½gðaÞ=T2� ¼ �E=RT þ lnðAR=bEÞ ð7Þ

The E and A can be obtained from the slope and intercept

of plots of ln[g(a)/T2] versus 1/T, respectively. And, the

E can be compared with that derived from model-free

methods in step (1).

In conventional air atmosphere, the limestone decom-

position mechanism has been investigated widely in the

literatures [13, 26–33]. The results shown that the lime-

stone decomposition obeyed the ordinary solid decompo-

sition rule, and the values of E and A, and the kinetic model

function f(a) obtained by different kinetic methods were

similar. So, authors directly used the Bagchi method and

logical choice to analyze the limestone decomposition

mechanism in 20 % O2/80 % N2 atmosphere. The Bagchi

method combined the integral and differential methods, the

logarithmic forms as follows [34]:

ln½gðaÞ=ðT � T0Þ� ¼ lnðA=bÞ � E=RT ð8Þ

ln½ðda=dTÞ=ðEðT � T0Þ=RT2 þ 1Þ � 1=f ðaÞ�
¼ lnðA=bÞ � E=RT ð9Þ

where T0 is the reaction onset temperature.

The series E and A can be obtained by line plotting

ln[g(a)/(T-T0) versus 1/T (Eq. 8) and ln½ðda=dTÞ=ðEðT �
T0Þ=RT2 þ 1Þ � 1=f ðaÞ� versus 1/T (Eq. 9) with many

common kinetic model functions selected, respectively.

And, if the most probable kinetic model function is used,

the plotted lines should present better linear relationship,

and the E and A obtained from the both forms should be

comparable with each other.

Result and discussion

TG–DTG curves for the limestone decomposition in 20 %

O2/80 % N2 and 20 % O2/80 % CO2 atmospheres at the

different heating rates (5, 10, and 20 K min-1) are shown in

Fig. 2. As seen, the initial decomposition temperature

increased from 944 K in 20 % O2/80 % N2 atmosphere to

1,196 K in 20 % O2/80 % CO2 atmosphere at the heating

rate of 20 K min-1. The presence of high-concentration CO2

significantly inhibited the limestone decomposition, and

made the decomposition process occur at high-temperature

zone, so the decomposition rate was accelerated, the

decomposition time was shortened to 2.05 min from

8.75 min in 20 % O2/80 % N2 atmosphere. Moreover, the

details of decomposition process in two atmospheres have

some obvious differences. In 20 % O2/80 % N2 atmosphere,

Model – free method:

E Z(α) – αFlynn-Wall – Ozawa method
Kissinger – Akahira-Sunose method
Starink method

TG data at
multi – heating rates

Model – fitting method: The most probable

mechanism functionCoats – Redfern method

Fig. 1 The flow chart of Malek

method
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there are two stages in the decomposition curve, from 944 to

1,068 K is the first stage with slow increase of decomposition

rate, and the limestone conversation reached 65 % at the

highest decomposition rate, and then the decomposition was

completed in the second stage between 1,068 and 1,119 K

with a quick decrease of decomposition rate. But in 20 % O2/

80 % CO2 atmosphere, three distinguished stages are pre-

sented in the decomposition curve, a quick increase of

decomposition rate occurred in the temperature of

1,196–1,208 K at the first stage, and the conversation

reached 18 %; the second stage occurred between 1,208 and

1,216 K with the decomposition rate quick decrease, and the

conversation increased from 18 to 64 %; the third stage

began at 1,216 K till the decomposition completed at

1,237 K with a slow decrease of decomposition rate. It also

can be observed that with the heating rate decrease, the mass

loss shifted to lower temperature systematically, while no

obvious change showed in its shape. It indicated that the

limestone has a similar regular pattern in decomposition at

different heating rates in O2/CO2 atmosphere. As the heating

rate decreased from 20 to 10 and finally to 5 K min-1, the

initial decomposition temperature lowered from 1196 to

1191 and 1187 K, but the decomposition time was extended

from 2.05 to 3.40 and 4.80 min, respectively. The three

temperature ranges of limestone decomposition are

1187–1194, 1194–1203, and 1203–1211 K at the heating

rate of 5 K min-1, and 1191–1200, 1200–1212, and

1212–1225 K at the heating rate of 10 K min-1.

As described in step (1), the plots of logb versus 1/TP

(Eq. 1), lnTP
2/b versus 1/TP (Eq. 2), and lnb/TP

1.8 versus 1/TP

(Eq. 3) by TG data at the different heating rates in 20 %

Table 2 Several common kinetic model functions for the present analysis

No. Function name Differential form f(a) Integral form g(a) Mechanism

1 Jander equation 3/2(1-a)2/3[1-(1-a)1/3]-1 [1-(1-a)1/3]2 Three-dimension diffusion, D3

2 Ginstling–Brounstein

equation

3/2[(1-a)-1/3-1]-1 1-2/3a-(1-a)2/3 Three-dimension diffusion, D4

3 Valensi equation [-ln(1-a)]-1 a ? (1-a)ln(1-a) Two-dimension diffusion, D2

4 Avrami–Erofeev equation 4/5(1-a)[-ln(1-a)]-1/4 [-ln(1-a)]5/4 Random nucleation and nuclei growth, n = 5/4

5 Parabola law 1/2a-1 a2 One-dimension diffusion, D1

6 Avrami–Erofeev equation 1-a -ln(1-a) Random nucleation and nuclei growth, n = 1, A1

7 Contracting sphere

(volume)

3(1-a)2/3 1-(1-a)1/3 Phase boundary reaction, R3

8 Contracting cylinder (area) 2(1-a)1/2 1-(1-a)1/2 Phase boundary reaction, R2

9 Avrami–Erofeev equation 2(1-a)[-ln(1-a)]1/2 [-ln(1-a)]1/2 Random nucleation and nuclei growth, n = 1/2,

m = 2, A2

10 Avrami–Erofeev equation 3(1-a)[-ln(1-a)]2/3 [-ln(1-a)]1/3 Random nucleation and nuclei growth, n = 1/3,

m = 3, A3

11 Avrami–Erofeev equation 4(1-a)[-ln(1-a)]3/4 [-ln(1-a)]1/4 Random nucleation and nuclei growth, n = 1/4,

m = 4, A4

12 Mampel Power law 1 a Phase boundary reaction, n = 1, R1

13 Reaction order 1/3(1-a)-2 1-(1-a)3 n = 3

14 7/4 order 4/3(1-a)7/4 (1-a)-3/4 Chemical reaction, n = 7/4

15 Mampel Power law 4a3/4 a1/4 n = 1/4

16 Mampel Power law 5a4/5 a1/5 n = 1/5

17 2 order (1-a)2 (1-a)-1 Chemical reaction, n = 2, F2

18 3 order 1/2(1-a)3 (1-a)-2 Chemical reaction, F3

19 Avrami–Erofeev equation 5/2(1-a)[-ln(1-a)]3/5 [-ln(1-a)]2/5 Random nucleation and nuclei growth, n = 2/5
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Fig. 2 TG–DTG curves for the limestone decomposition in 20 % O2/

80 % N2 and 20 % O2/80 % CO2 atmospheres
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O2/80 % CO2 atmosphere are shown in Fig. 3. It can be seen

that the linear fitting results of three points for each method at

different heating rates are better, and then the E for each

method was deduced using the slope of the plotted line, there

are 1134.33, 1172.87, and 1170.53 kJ mol-1, respectively.

The values of E are very similar, especially the last two

values, and besides due to the KAS and Starink methods are

superior to FWO method [23], the average value of the last

two E, 1171.70 kJ mol-1, was used to calculate the experi-

mental Z(a) in the next step in order to ensure the accuracy of

calculation.

The experimental Z(a) was deduced as described in

step (2), and the fitting curves of experimental Z(a)–a and

series standardized Z(a)–a at the different heating rates of

5, 10, and 20 K min-1 in 20 % O2/80 % CO2 atmosphere

are presented in Figs. 4, 5, and 6 ,respectively. It can

be seen that the decomposition kinetics can be well

described by three stages, which are fitted to three different

standardized Z(a) at each heating rate, respectively. And

they are consistent with that presented in TG curve for

decomposition process. The results of the most probable

kinetic model functions at different heating rates are

summarized in Table 3.

Thus, it can be found that the most probable kinetic

model of limestone decomposition is common at the same

stage regardless the heating rate. In the first decomposition

stage, it follows the Mampel Power law model, the second

decomposition stage follows order chemical reaction

model, and the third decomposition stage belongs to ran-

dom nucleation and nuclei growth model. Furthermore, the

slight difference of decomposition kinetics among the

heating rates is only presented in the reaction order n. At

5 K min-1, the most probable kinetic model functions of

the three stages are the exponential law with n = 1/5, the

nth order reaction with n = 7/4, and the Avrami–Erofeev

equation with n = 1, respectively; but when the heating
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rate increased to 10 K min-1, the most probable kinetic

model function of the second stage is transferred into nth

order reaction with n = 2; while the heating rate further

increased to 20 K min-1, the most probable kinetic model

functions of the first and third stages are transferred into the

exponential function with n = 1/4 and the Avrami–Erofeev

equation with n = 5/4, respectively. As generally known,

the higher limestone decomposition temperature at faster

heating rate can accelerate the decomposition rate, while it

also enhances the sintering of the calcined product, but in

here, the sintering caused by the heating rate increasing can

be negligible because of the lower decomposition temper-

ature and the short duration time [35]. So, the slighter

increase of the decomposition reaction order n may be

contributed to the nonequilibrium conditions of decompo-

sition temperature, which caused by heating rate. In par-

ticular, the presence of higher CO2 concentration can make

the decomposition more sensitive to the temperature. The

similar phenomenon was also found by Açıkalın [36].

Moreover, in order to further verify the precision of the

probable kinetic model function deduced by step (2), series

potential kinetic model functions g(a), including that

deduced by step (2), were selected to plot ln[g(a)/T2] ver-

sus 1/T (Eq. 7) curves by Coats–Redfern method. The plots

of ln[g(a)/T2] versus 1/T in the three stages at the heating

rate of 10 K min-1 are presented in Figs. 7, 8, and 9.

As seen, the plots of ln[g(a)/T2] versus 1/T of the most

probable kinetic model function deduced by step (2) (No. 16,

17, and 6 in first, second and third stage, respectively) show

the best linear relationship in each stage. Meanwhile, the E and

A of each stage was obtained from the slope and intercept of

the plot of ln[g(a)/T2] versus 1/T of the most probable kinetic

model function, respectively. The apparent activation energy

of the whole decomposition process (Em) can be calculated by

weighted mean activation energy method which was proposed

by Cumming [37]. The method is described as:

Em ¼
Xn

i¼1

Ei � Fi ð10Þ

where Ei and Fi are the activation energy and mass loss

fraction in the i stage, respectively. The results are listed in

Table 3 The results of the most probable kinetic model functions at different heating rates in O2/CO2 atmosphere

Heating rate/K min-1 Stage Temperature range/K Function

5 I 1,187–1,194 Mampel Power law (n = 1/5)

II 1,194–1,203 7/4 Order chemical reaction (n = 7/4)

III 1,203–1,211 Avrami–Erofeev equation (n = 1)

10 I 1,191–1,200 Mampel Power law (n = 1/5)

II 1,200–1,212 2 Order chemical reaction (n = 2)

III 1,212–1,225 Avrami–Erofeev equation (n = 1)

20 I 1,196–1,208 Mampel Power law (n = 1/4)

II 1,208–1,216 2 Order chemical reaction (n = 2)

III 1,216–1,237 Avrami–Erofeev equation (n = 5/4)
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Table 4. As seen, the values of E and A decease slightly

with the heating rate increasing, it is similar with Rao’s

[27] and Bigda and Mianowski’s result [38]. The average

value of E at different heating rates is about

1,245 kJ mol-1 in 20 % O2/80 % CO2 atmosphere, and it

is almost equal to that calculated previously by three

model-free methods.

In conventional air atmosphere, the limestone decom-

position mechanism was investigated with Bagchi method.

According to the Eqs. (8) and (9), the ln½gðaÞ=ðT � T0Þ�
and ln½ðda=dTÞ=ðEðT � T0Þ=RT2 þ 1Þ � 1=f ðaÞ� were

respectively plotted against 1/T in 20 % O2/80 % N2

atmosphere at 20 K min-1 in the two stages presented in

TG curve, and the E and A were obtained from the slopes

and intercepts of the plotted lines which shown better linear

relationship. Comparing the results of linear fitting, and the

E and A deduced by the integral and differential methods, it

can be observed that the limestone decomposition in 20 %

O2/80 % N2 atmosphere are best fitted to the contracting

sphere volume model (R3) with the differential form

f(a) = 3(1-a)2/3 and the integral form g(a) = 1-(1-a)1/3

in the two stages. The similar result has been reported in

the literatures [28, 30, 32].

The linear fitting results, and the values of E and

A derived from the R3 model are listed in Table 5. As

shown, the linear fitting results are better, and the values of

E and A calculated by the integral and differential methods

are most similar, and the E in the second stage increased by

about 50 kJ mol-1 than that in first stage despite the cal-

culation method. This behavior might be due to that, in the

first stage, the effect of heat and mass transfer is limited,

and the role of CO2 diffusion on the decomposition reac-

tion is minor; but with the decomposition continuing, the

product layer formed with the calcium oxide recrystalli-

zation inhibited the CO2 diffusion, so the E increases [11].

In comparison with the result obtained in O2/N2 and O2/

CO2 atmospheres, it is indicated that the division of kinetic

analysis stages is consistent with that presented in TG

curve. In O2/N2 atmosphere, the limestone decomposes

slowly following the contracting sphere volume model in

two stages, the E increases by about 50 kJ mol-1 after the

decomposition rate reaching the maximum and the

decomposition reaction becomes more difficult. In O2/CO2

atmosphere, the high CO2 concentration makes the lime-

stone decompose at high temperature, it decomposes

quickly with an acceleration process controlled by nucle-

ation rate in the initial stage. Then, when the decomposition

rate reach a maximum, it enters into the a–t deceleration

process, which is controlled by the chemical reaction. In the

final stage, the decomposition becomes quite difficult, and it

is controlled by the formation of crystallization centers and

subsequently growth. Moreover, the E and A of limestone

decomposition in O2/CO2 atmosphere are significantly

higher than that in O2/N2 atmosphere.
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Fig. 9 Plots of ln[g(a)/T2] versus 1/T in the third stage at the heating

rate of 10 K min-1

Table 4 Kinetic parameters obtained from the Coats–Redfern method at different heating rates in 20 % O2/80 % CO2 atmosphere

Decomposition stage I II III Em/kJ mol-1

Heating rate/K min-1 E/kJ mol-1 A/min-1 E/kJ mol-1 A/min-1 E/kJ mol-1 A/min-1

5 1296.28 8.09E ? 56 1283.15 3.22E ? 56 1294.92 5.91E ? 56 1289.00

10 1223.32 2.80E ? 53 1239.51 2.32E ? 54 1299.84 3.21E ? 56 1248.04

20 1119.42 2.93E ? 48 1237.82 8.09E ? 53 1215.15 3.34E ? 52 1198.34

Table 5 Parameters obtained from Bagchi method in 20 % O2/80 % N2 atmosphere

Decomposition stages I II Em/kJ mol-1

E/kJ mol-1 A/min-1 R E/kJ mol-1 A/min-1 R

Integral methods 152.34 1.23E ? 6 0.9919 202.51 3.67E ? 8 0.9976 167.39

Differential methods 165.05 1.21E ? 7 0.9980 220.80 2.20E ? 9 0.9968 181.78
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Conclusions

The non-isothermal thermal kinetics of limestone decom-

position in 20 % O2/80 % N2 and 20 % O2/80 % CO2

atmospheres were determined by Bagchi and Malek

method, which can guarantee the precision of the most

probably kinetic model functions and kinetic parameters. It

was revealed that in 20 % O2/80 % N2 atmosphere, the

limestone decomposed slowly following the contracting

sphere volume model in two stages, which was controlled

by boundary reaction (spherical symmetry). But the

E increased by about 50 kJ mol-1 in the second decom-

position stage because the decomposition reaction became

more difficult. In 20 % O2/80 % CO2 atmosphere, the

presence of high-concentration CO2 significantly inhibited

the decomposition of limestone particle at lower tempera-

ture, and made the decomposition to occur at higher tem-

perature with a rapid rate, and the decomposition kinetics

can be divided into three stages. The first stage was an

accelerated decomposition process following the Mampel

Power law model controlled by nucleation rate with

exponential law equation. In the second stage, it followed

nth order model with an a–t deceleration process controlled

by chemical reaction. While in the third stage, belonged

random nucleation and nuclei growth model controlled by

the formation of crystallization centers and subsequently

growth with Avrami–Erofeev equation. And with the

heating rate increasing, the n showed a slight rise tendency

in general. The E calculated by model-fitting method was

mostly equal to that calculated by three model-free meth-

ods in 20 % O2/80 % CO2 atmosphere, it was about

1,245 kJ mol-1, but was only about 175 kJ mol-1 under

20 % O2/80 % N2 atmosphere. The E and A showed a

remarkable increase in the O2/CO2 atmosphere.
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